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Abstract 
The DECARBit project was launched in January 2008 as a large scale integrating project under the 7th Framework Programme of 
the EU with duration of 4 years and a budget of 15 million Euros. DECARBit, short for “Decarbonise it”, will focus on the 
following key issues in enabling pre-combustion plants: high pressure and high temperature CO2 separation using membranes, 
sorbents or solvents; oxygen separation developing new advanced cryogenic and non-cryogenic techniques; hydrogen 
combustion and combustion systems for gas turbine applications targeting low emission high efficient novel concepts; and finally 
establish pilots of 2-3 of the most promising technologies after screening the results achieved in the first phase. DECARBit 
constitutes 16 core partners from 8 countries and an industrial contact group of 5 large energy companies in order to ensure 
industrial interest and involvement from technology end users. 
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1. Introduction 
Pre-combustion CCS technologies encompass Integrated Gasification or Integrated Reforming Combined Cycles 
(IGCC or IRCC) with capture of the CO2 before combustion takes place in a gas turbine. This is sometimes referred 
to as ZEIGCC or ZEIRCC, the ZE denoting the somewhat inaccurate term Zero Emission. Figure 1 shows a 
schematic of the process layout. A raw syn-gas is produced either from gasification of coal or reformation of natural 
gas utilizing steam and oxygen in the gasification/reformation process. The gas is then further shifted to minimize 
the CO content and maximize the H2 content thus producing a syn-gas consisting mainly of H2, CO2, H2O and some 
trace impurities. The CO2 is then separated from the syn-gas producing a fuel-gas consisting mostly of H2 which 
will be fed to the gas turbine combustor. 
The gasification, gas cleaning and CO2 removal steps of the process have been commercially utilized for decades 
in petro-chemical industry for production of electric power, hydrogen, chemicals and synthetic fuels. About 160 
modern gasification plants were in operation in 2001 and 35 plants were at the planning stage (Minchener [1]). 
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Many of these plants involve CO2 separation as a necessity imposed by the primary product. More recently, IGCC 
power plants fuelled with heavy oil or coal have been put into operation. But none of the operating IGCC plants 
involves CO2 capture (IPCC report [2]). The purpose is mainly to produce a synthesis gas from the feedstock and 
utilizing the gas in a combined cycle power plant with its relative high efficiency. 
The high pressure of the syn-gas from the gasification process facilitates removal of CO2 in IGCC plants. The gas 
volume is some 20-60 times lower than the exhaust gas from a conventional coal or gas fired plant. The footprint of 
the separation equipment will be correspondingly smaller compared to the post-combustion scheme. A drawback is 
the need for oxygen and steam in the reformation/gasification process as this introduces a large efficiency penalty to 
the process. 
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Figure 1 Schematic of ZEIGCC/ZEIRCC process layout 
 
The cost of electricity as given in Feron and Hendriks [3] indicate that ZEIGCC will be at the same level as 
conventional pulverized coal-fired boiler power plant with post-combustion. The cost being about 63 €/MWh for 
both when taking into account fuel cost, electricity production cost and CO2 compression cost, but not transport and 
storage cost. An important aspect of in favor of ZEIGCC plants is that they can offer strategic opportunities as a 
poly-generation scheme in which electric power, hydrogen and possibly other chemicals/fuels can be produced in an 
integrated plant. 
Knowledge gaps for ZEIGCC and ZEIRCC have been considered in recent works of the IPCC Special report on 
CCS [2], of the Carbon Sequestration Leadership Forum [4], in the Strategic Research Agenda of the European 
Technology Platform for Zero Emission Fossil Fuel Power Plants (ZEP) [5], in the report from the Working Group 1 
of the ZEP [6], and by the IEA Greenhouse Gas R&D Programme [7]. Important knowledge gaps that need to be 
closed have been highlighted within syn-gas separation technologies (CO2, H2, impurities), within air separation and 
oxygen production, and within key enabling technologies such as gas turbine capable of efficient use of hydrogen 
rich fuels and optimization and integration studies of the overall process schemes including CO2 capture. 
In assembling the DECARBit project close attention has been put to the identified knowledge gaps. The project 
was launched in January 2008. It is a large scale integrating project under the 7th Framework Programme for 
research of the EU with duration of 4 years and a budget of 15 million Euros. DECARBit, short for “Decarbonise 
it”, constitutes 16 core partners from 8 countries. They include SINTEF Energy Research (the coordinator), 
ALSTOM (with two entities), SIEMENS, CORNING, L’Air Liquide, SINTEF, IFP, TNO, TIPS (Russian Academy 
of Science), NTNU, ETH, Delft University, Enel Produzione, Shell and University of Ulster. An Industrial Contact 
Group of 5 large energy companies is also part of the project in order to ensure industrial interest and involvement 
from technology end users. They are StatoilHydro, Nuon, EDP, Electrabel and Total France. More information can 
be found at the DECARBit web-site [8]. The structure of the project is shown in Figure 2 and will be the basis for 
the further discussion of the work being performed in DECARBit. 
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Figure 2 DECARBit project structure  
 
2. Advanced pre-combustion CO2 separation 
CO2 will have to be separated from the fuel gas after the shift reactor. Separation using chemical solvents 
(amines) such as MDEA or physical solvents like Rectisol or Selexol has been used for many years in gasification 
plants. The disadvantage is that these solvents need high regeneration energy on the order of 1-2MJ/kg CO2 which 
has an adverse impact of the power plant efficiency. The separation process also implies cooling and subsequent 
reheating of the gas stream adding additional efficiency penalty and equipment cost to the plant. Although 
substantial progress has been made in past and ongoing projects within these processes the cost of capturing CO2 is 
still high and improved energy efficiency is needed. The current status in the CO2 separation area today and what is 
considered the next development steps are summarised in Table 1.  
 
Table 1 CO2 Separation “toolbox” and state of the art - baseline 
 State of the Art – Baseline Beyond state of the art 
Selective polymer membranes for MT are not stable. Selective hybrid membranes for MT will be stable and based on cheap polymer processing. 
Selective carbon membranes stable at LT and MT Selective carbon membranes stable at HT 
Dual phase membranes Novel asymmetric membranes based on porous oxides and molten carbonate on supports with high specific membrane surface area. 
Membranes 
Microporous membranes 
 
Novel membrane materials with high CO2 adsorption and selectivity 
at high temperature 
Sorbents 
LT polymer and supported polymer sorbents. 
Carbonate forming metal oxides and mixed metal oxides 
operating above 400 ºC. 
New sorbents combining the properties of LT and HT sorbents (dual 
phase, surface carbonate, etc) for operation above 200 ºC. 
Pressure or/and temperature swing. pH/ electrochemical swing, membrane gas desorption. Solvent 
systems Solvents for LT Solvent systems for MT and HT.  
(LT < 100 °C, MT:100 – 200 °C, HT: >200 °C) 
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The SP2 of DECARBit will research three different options with a compound target of being able to separate 
CO2 at a regeneration energy “cost” of less than 1MJ/kg. The three chosen options are separation of CO2 utilizing 
membranes, new types of sorbents and novel solvent systems. The overall target of the sub project is to reduce the 
energy penalty related to the CO2 separation process by 20% reckoned from a basis of 10% loss in efficiency due to 
the separation process. This will improve plant efficiencies by up to 2% points. 
2.1. CO2 membranes 
Membranes are considered components with a great potential and membrane separation is expected to become 
more efficient than the conventional CO2 separation processes (Yang et al. [9]). Four promising CO2 membranes are 
being researched in DECARBit: 
• Hybrid membranes (polymer/ceramic) for low to medium temperature: Develop stable polymer membranes that 
can operate above 150 0C. The planned work will bring the knowledge in this field beyond state of the art by 
combining a ceramic hollow fibre and a polymer top layer for CO2/H2 systems. 
• A novel asymmetric mixed conducting, dual-phase membrane (see Figure 3) for high temperatures consisting of 
a molten carbonate in the interconnected pore structure of the solid support. The work will aim at high membrane 
surface area/volume ratio and separation factor of 25 for CO2/H2 (from a basis of 16 now) with a permeance 
exceeding 2.5x10-8 mol/m2sPa. 
• Micro-porous membranes for high temperature where CO2 separation can be obtained by adsorption of CO2 in the 
pores hindering other gases. High selectivity at high temperatures is targeted. 
• Carbon membranes (pore tailored hollow fibre membranes) for high temperatures prepared as self-supported 
asymmetric hollow fibre membranes or with a commercial (inorganic) tube as support whilst obeying a target of 
selectivity of CO2 towards H2 of at least 25. 
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Figure 3: The principle of dual phase membranes 
 
2.2. CO2 sorbents 
Sorbents can be used for separating the CO2 from the syn-gas. The adsorption takes place on the surface and in 
the pores of designated particles of a suitable material. As of today there is not a clear understanding of which 
temperature regime will be most advantageous from an efficiency point of view in an integrated process. Different 
temperatures will be investigated and a selection of sorbents will be chosen for further optimization. 
• Medium temperature sorbents can either be porous nitrogen-containing polymers (such as PEI or MF), supported 
systems (typically nitrogen containing oligo- and polymers on porous supports), modified carbon-based solids 
(with nitrogen functionalities) or metal organic framework materials. 
• High temperature sorbents will typically be sought among metal oxides, supported metal oxides and doped 
versions of such, forming carbonates or surface carbonate species at high rate at temperatures above 200 ºC. 
 
The target is to develop sorbents with a CO2 reversible capacity of >15 wt% for temperatures around 1000C, and 
>10wt% for temperatures between 250 and 4000C under a CO2 partial pressure of 1 bar. New sorbents will be 
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developed where the interaction between CO2 and the sorbent surface can be fine tuned for application within the 
target temperature range. 
2.3. Novel solvents 
Solvents for high pressure and high temperature applications are somewhat limited in terms of chemicals to be 
used. DECARBit will progress the pre-combustion solvents technologies by: 
• Improving existing amine solvent systems enabling absorption at elevated temperatures (40-1000C) with 
improved performance with respect to loading capacity, kinetics, energy requirement and stability.  
• Developing membrane gas desorption systems with membrane contactors in the desorption step being non-
permeable to solvents and highly permeable to gases, while applying a pressure difference of >5 bar. 
Mechanically stable supports employing a high flux top layer impermeable to liquids will be developed. The 
resulting technology will keep the solvent always under pressure and is projected to save at least 1%-point of 
future power plants efficiency with pre-combustion capture units.  
• Researching novel solvent systems for absorbing at higher temperatures thus reducing temperature swing. 
Aqueous slurry solvents, molten salts, ionic liquids and other promising systems will be investigated 
 
3. Oxygen separation 
Oxygen is needed in the gasification processes and the most common way of providing this is through cryogenic 
separation of air into nitrogen and oxygen. This is currently the most efficient and cost-effective technology for 
producing large quantities of oxygen from compressed air at high recoveries and purities (Smith and Klosek [10]). 
An alternative would be to use membranes or sorbents for separating oxygen – much in the same way as done for 
CO2.  
Cost effective oxygen production is crucial for the success of pre-combustion plants as well as for CCS oxy-fuel 
processes. It is also an area where cost reductions and efficiency improvements swiftly can be carried over to other 
energy intensive industries such as steel-, aluminum-, cement, glass- and refinery processes. The present status of 
oxygen separation technologies are summarized in Table 2 below. It shows that the lowest costs can be achieved by 
non-cryogenic technologies in the long term.  
 
Table 2 Oxygen separation technologies - current status 
 Cryogenic process Status - Baseline Advanced cryogenic process OTM*/ Novel sorbents 
Comments Mature and new developments Minimise entropy loss and overall N2 valorization 
Waste N2 valorization and 
limited O2 recovery 
Capacity [ton/day] 150 – 5000 150 – 7000 - 
Purity [Vol. %] 95-99.5+ 95-99.5+ 99.99+ / 95% 
Operating conditions [bar abs] 
P Feed Air = 5 – 15+ 
P N2 = 1 – 5 
P Feed Air = 5 – 18 
P N2 = 1 – 6 
PFeed Air = 10 – 25 
PWN2 = PFeed Air –(1-3) 
P O2 delivered [bar abs] 1 – 80 (Tamb) 1 – 80 (Tamb) P = 1 – 3 (Thigh) 
Energy consumptiona [kWh/ton] 175 – 420 140 – 340 90 – 230 
Specific energyb [kWh/ton] 175 – 275 140 – 240 90 – 120d 
Specific costsc [€/ton] 20 – 70 16 – 60 12 – 60 
Capital costsc [k€/(ton/day)] 15 – 40 12 – 40 8 – 40 
*) Oxygen Transfer Membr., a) Very O2 pressure dependent, b) O2 pressure and purity dependent, c) Very pressure dependent, d) O2 at low press. 
 
In the SP3 of DECARBit the target is to develop more affordable oxygen production technologies based on 
oxygen transfer membranes (OTM), novel sorbent materials and processes and advanced cryogenic technologies. 
N.A. Røkke, Ø. Langørgen / Energy Procedia 1 (2009) 1435–1442 1439
6 Author name / Energy Procedia 00 (2008) 000–000 
State of the art in cryogenic processes for oxygen supply to IGCC plants reveals minimum specific energy 
consumption of 175 kWh/ton O2 (see Table 2). Near term expectations for advanced cryogenic processes suggest 
140 kWh/ton O2 as possible. Even higher expectations can be foreseen for OTM and novel sorbent processes (90 
kWh/ton O2). However, the overall feasibility, capacity and cost of these processes are still under investigation and 
not validated in larger applications. Oxygen production costs for current large-scale cryogenic ASU’s will form the 
basis for comparison for the other technologies. Baseline and targeted values are shown below in Table 3. 
 
Table 3 Cost targets for oxygen production 
 Cryogenic Oxygen transfer membranes (OTM) Sorbent systems Advanced cryogenic 
Baseline cost (€/ton O2) 20-70 *    
DECARBit cost reduction 
target (%)  >30% >30% >20% 
*) The reason for the wide range in the baseline cost is due to the high delivery pressure dependency. 
3.1. Membrane separation of oxygen 
A number of new technologies are in development for oxygen generation at high temperatures in the range of 
600°C to 1000°C. One of the primary technologies under this category is oxygen transfer membranes made from 
perovskite or similar materials. The objective is to develop and characterize asymmetric ceramic membranes for 
high temperature separation of oxygen from air with high oxygen flux (i.e. > 10mL/(cm2min) at 1000°C) and 
sufficient chemical/thermal/mechanical stability under relevant conditions. Another expected progress is to develop 
and test a new module structure and to develop a design that increases the specific surface area and the overall 
oxygen production capacity per unit volume at an acceptable cost.  
3.2. Oxygen sorbents 
Oxygen sorbents adsorb oxygen onto a material which by pressure or temperature swing can be released again to 
provide a stream of high purity oxygen. The work in DECARBit will cover both sorbent evaluation and properties 
enhancement as well as reactor design. Present reactor designs suffer from the challenges related to handling high-
temperature solids and heat exchange with acceptable exergy losses and reliability. 
One of the expected progresses in sorbent based technologies is related to improved knowledge regarding 
preparing and making perovskite materials of high oxygen selectivity and capacity (g O2/cm3) at temperatures 
below 600°C. Earlier studies indicate that such perovskite materials seem to be a promising material in this respect. 
More specifically DECARBit targets materials that will have to comply with an oxygen transfer capacity  >2 wt%. 
3.3. Advanced cryogenic technologies 
Cryogenic air separation is the current industrial standard and work horse for oxygen supply. Contrary to popular 
belief, efficiency improvements and cost reduction can still be achieved by developments within the unit itself, by 
increasing the size of the units and by an optimum integration of the ASU with the IGCC process. In the short to 
medium term this is believed to be the selected technology for large-scale CCS plants. In order to release the true 
potential of cryogenic separation, new concepts need to be developed. DECARBit will focus on the following 
topics: 
• Development of more efficient units, such as distillation concepts with intermediate heat exchange including new 
heat exchanger concepts with very low hydraulic diameters. 
• Introduction of a synergetic approach integrating CO2 purification/conditioning with the gas turbine and the air 
separation unit. 
• Size matters - in the sense that the potential of large-scale trains (> 5000 tons O2/day) will be pursued with 
potentially higher air feed pressures (> 15 bara) to the ASU. 
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4. Hydrogen combustion 
For ZEIGCC/ZEIRCC to become commercially viable there will be a need for gas turbines that can operate on 
the hydrogen-rich fuels with performance and emission levels that can match today modern gas turbines for natural 
gas. One challenge is the higher flame temperature compared to natural gas. At atmospheric conditions it is about 
2380 K compared to about 2220 K for methane (Warnatz [11]). This more than triple the thermal NO production 
rate when estimated roughly from the reaction rate coefficient of the first (and rate limiting) step of the thermal NOx 
mechanism. In order to prevent the high flame temperatures the combustion process can be done in a premixed 
mode as done in modern dry low NOx combustors for natural gas. But premixed combustion of hydrogen is 
associated with big challenges due to the short ignition time and large flame speed of hydrogen. Thorough mixing 
may not be achieved before ignition and there is much larger risk for flame flashback into the burner. In such a 
configuration only a few percent of hydrogen is allowed in the fuel. 
For these reasons, current IGCC power plants with considerable portions of hydrogen in the fuel gas uses non-
premixed burners which can be operated up to 40 to 50 % of hydrogen content. To reduce the NOx emissions to 
acceptable values, sufficient dilution by N2 from the ASU and water vapour is required. But in order to increase the 
overall process efficiency the amount of diluents should be reduced as far as possible. 
The SP4 of the DECARBit project follows up on previous European projects to capitalise on the R&D spent 
towards the development of hydrogen burners. It will contribute to cost reductions and improved fuel efficiency 
through the targeted reduction of diluents or steam injection in the gas turbine. These losses in efficiency by 
compressing nitrogen for dilution or extracting steam from the steam cycle can amount to 1-2 % points efficiency 
loss in the combined cycle (Chiesa et al. [12]). The objectives are to obtain improved numerical combustion models 
that will aid burner development, and to perform design, optimization and experimental development of hydrogen 
burner operating in premixed mode at gas turbine conditions. 
 
5. Putting the pieces together 
Even though the different process steps in IGCC are commercially available already today, they are not at all 
optimized and available for implementation as integrated pre-combustion power plants under commercial 
conditions. Important knowledge gaps have been considered in several recent technical and strategic reports ([1], 
[4], [5]). The main message is that process integration and cost and technology optimization are one of the key 
requirements in order to bring pre-combustion IGCC forward. This is the aim of the SP1 of DECARBit which is 
depicted in a general IGCC process together with the other SP’s in Figure 4 below. 
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Figure 4 DECARBit sub-projects in a generic pre-combustion plant 
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The work in SP1 will involve specification of operational requirements and cycle selection, techno-economical 
evaluation and ranking of the components and the integrated processes, improved cost estimation of novel 
component technologies, like membrane and sorbents and assessment of advanced pre-combustion capture 
techniques to the benefit of other energy intensive industries such as refineries, other petro-chemicals, cement, glass 
and steel industry. As a cooperative action among the three EU projects DECARBit, CESAR and CAESAR, there 
will be established an European Benchmarking Task Force (EBTF) to provide a best practice guideline document – 
thus securing consistency of such work between different EU projects. 
In the last phase of the project, 2 - 3 of the most promising technologies will be taken further for extended testing 
in pre-combustion pilots based on a screening and selection process (SP5 plus SP1). Such pilot testing will 
contribute to project results closer to real scale and will be crucial in monitoring the progress of the various 
technologies towards the performance/research indicators established in the DECARBit project. 
 
6. Conclusions 
DECARBit targets to reduce the energy penalty associated with the separation of CO2 and oxygen for pre-
combustion type of applications or similar industrial processes. The project will explore and further develop 
advanced technologies considered to have a great potential such as high temperature membranes, sorbents and 
advanced solvents. A key element is also the gas turbine combustion process which will be researched aiming at 
developing low emission hydrogen rich combustion turbines. This involves going to new combustor designs to be 
tested up to a commercial scale. 
A two phased approach is adopted in the project execution; the most promising technologies will be taken to pilot 
testing after screening of the results achieved in the first phase. This means that by 2010 the DECARBit project will 
test the most promising CO2 separation technologies, oxygen separation technologies and low emission hydrogen 
combustion technologies in pilots and at near commercial scale. It will provide a benchmark for the further 
development in the area and contribute to Europe’s test infrastructure capabilities. 
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